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1. EXECUTIVE SUMMARY

This IDEA project explores the applications of infra-red lightwaves in ITS communication and automated vehicle
control. Two IDEA products emerge from this work: a communication system between the highway system and the
vehicles, and an automated highway system (Al-1S) in which the vehicle operates by itself without the need of an
operator or driver.

The devices required in the vehicle for the above two applications can be combined into one vehicle termina (VT)
which would significantly increase the IDEA product’s utility to cost ratio. With millions of equipped vehicles on the
highway, the total cost of the proposed system’ sinfrastructure on the highway side will be no more than afew percent of
the total cost of these vehicle terminals. The proposed system thus furthers the ISTEA goal that ITS implementation
should belargely paid for by private investment.

Inexpensive semiconductor lasers of the GaAs family with a wavelength between 0.65 to 2 micrometers are used in
cost-conscious commercia applications, such as bar-code scanners. Because lightwaves inthe visible wavelength range
are both disturbing and harmful to the human eye, our research is concentrated in the infra-red wavelength range (IR)
of 1to 2 micrometers.

The currently predominant research and development efforts for ITS signaling and sensing applications are in the
millimeter wavelength range (MMW), at the high end of what is generally considered to be “ radio frequency” (RF).
These RF wavelengths are thousands of times longer than the operating wavelengths of inexpensive IR semiconductor
lasers. The shorter IR wavelength means a proportionally higher resolution in both space and time than would be
possible with RF devices. For AHS, higher resolution means a faster and more accurate determination of the vehicle' s
position and direction of travel relative to the lane center as well as the relative distance and speed of any obstacle in the
vehicle’ s path. For communication, a higher time resolution means proportionally higher information exchange rate. A
higher resolution in transmitting and receiving beam directions means less required signal power and a higher signd to
noise ratio aswell as elimination of interference.

The above discussion does not imply that a millimeter wave (MMW) device is necessarily, thousands of times lower
inits resolution than an IR device. In an actua design, the resolution of a MMW device must be stretched almost to its
theoretical limit to meet ITS requirements. In contrast, since ITS reguirements are well within IR's resolution range,
design emphasis can be placed on other factors such as size, cost, and reliability.

A recent development is the possibility of a directed and focusing laser (DAFL) [I]. It is well known that the
direction of an RF beam, either transmitting or receiving, can be controlled by changing the relative phase of an array of
antenna elements (a* phased array”). The directed and focusing laser (DAFL) can be described as an electronically
controlled phased array antenna for lightwaves. Because of the short wave length of light a DAFL can be realized as an
array of phase-controlled optical paths on a single semiconductor chip. Thistechnology can be used to very substantially
reduce the size, manufacturing cost, and reliability of the proposed VTs (just as the integration of computer components
onto semiconductor chips has had this effect on computers).

Figure 1 illustrates a system for communication between a highway and its vehicles. On the highway sideis a system
of infrarred lightwave transmitting-receiving terminals (HWT) which are linked via commercial telephone lines, and/or
computer communication networks to a traffic operations center (TOC). Each termina has a built-in two-way signal
storage and forward device which could be implemented in a specially programmed microprocessor. The highway
terminal is mounted on an overhead structure (e.g. an overhead bridge) and a similar termina device (VT) isinstalled
on each vehicle. The terminals can communicate with each other as the vehicle passes under the overhead structure
without stopping or slowing down, as shown in Figure 1.

Figure 2 illustrates an automated highway system (AHS) which takes control of the driving while allowing the driver
to work or rest. It is a common practice to implant small bumps on highway lane dividing lines to wake up a dozing
driver; our proposed system is to implant semi-spherical infrared reflecting objects instead. DAFLs on the vehicle
automatically beam at the reflecting objects, as shown in Figure 2. Thusit is possible to generate four steering signalsin
the system: the angles and distances to the reflecting objects on the left and right lane dividers. A frontal laser signal
could also be designed to track the position of the vehicle ahead for longitudinal collision avoidance. These five signals
are sufficient for guiding a car in an automated system.

Our investigation shows that:

« No lessthen one Megabyte of data can be exchanged safely and reliably each time aHWT is passed under al
weather and traffic conditions. Thisis approximately the information content of the Holy Bible.



. Withthefive guiding signals described above the vehicle can be controlled to cruise smoothly near the center of the
lane, even while the road twists and turns.

The consumer’s propensity to purchase the VT reguired for this system is enhanced by the ability of this equipment
to facilitate delivery of several I1TS user services, severa of which are listed below. Because of the system’s huge
information transfer capability the first four services below can be combined in one exchange package between the VT
and the HWT. Returned information can then be displayed on an inexpensive Liquid Crystal Diode (LCD) display as
desired by the vehicle's operator. We propose that this IDEA concept be developed to complement other ITS
technologies (e.g. GPS, microwave, etc.).

Automatic toll collection

At toll collection stations, a vehicle containing a VT can pass directly through gates equipped with HWT without
slowing or stopping. The vehicle' sidentity, time, and toll charge are automatically recorded in the HWT's disk memory
and billed periodically to the vehicle' s owner.

Car-pool and minibus information

Terminals are provided at road-side car-pool lots. A potential share rider inserts his persona identification card and
enters his/her destination into a terminal which communicates with a nearby HWT. A vehicle or minibus looking for a
passenger picks up the list of potential passengers and their destinations by pushing a button shortly before encountering
the HWT. The list of potential passengers is then quickly displayed on his (or her) monitor. If a successful pickup is
made, the vehicle and new passengers insert their cards into the car pool terminal to notify the highway system. The
system is not only a convenience, but it also helps to reduce foul-play by letting both parties know that the identities,
time, and place of the share-ride event are on officia record.

Road condition, motel, restaurant, fuel, “ best route” and other needed information
Information requested from aV'T can be displayed on amonitor after one encounter with an HWT.

Commercial Vehicle Operations
For vehicles belonging to a commercial fleet, the vehicle sidentity and time of its passing through aHWT gate along
with directives or instructions from Fleet Control to the vehicle can be exchanged during each passing.

Automated driving
Automated lane-keeping and headway maintenance allows the driver to rest, relax, or perform his or her work
en-route, under all driving conditions including congested traffic, e.9. commuting near large cities.



2. PROBLEM STATEMENT

This IDEA project explores the applications of infrared lightwaves in ITS communication and automated vehicle
control. Two IDEA products emerge from this work: a communication system between the traffic operations center
(TOC) and vehicles on its highways, and an automated highway system (AHS) in which a vehicle can control its
position within alane and relative to other vehicles without driver assistance.

There are two objectives of our IDEA project: to explore the design of economically feasible IDEA products and to
prove the technical feasibilities of these products for their intended applications.
2.1 TECHNICAL FEASIBILITIES

2.1.1 Feasihility of the Communication System
Thefeasibility conditions are the following:

sufficiently strong laser signal to assure satisfactory communication under all weather conditions;
« sufficiently weak laser signal to assure a margin of safety to the eye at al times; and

« System operability under all traffic and weather conditions.
This last condition implies that the system’s operation will not impede traffic flow in any way and that, evenin a
traffic jam, there will be no cross-talk or interference between communication links.

2.1.2 Feasihility of the Automated Highway System

The AHS feasibility conditions are the following:
sufficiently simple and rugged steering algorithms for reliable operation;

« high dynamic stahility so that any initial deviation from the guided path would decrease with time; and
sufficient accuracy in steering signals so that the vehicle would stay close to the center of the lane.

2.1.3 Sientific and Technological Feasibility of the DAFL Device

The DAFL devicefeasibility conditionsare:

material feasibility (selection of semiconductor materials which have the desired dependence of phase-shift on
carrier density), and

o design feasibility (a DAF'L can be designed and mass-produced to meet the system requirements).

2.2 ECONOMIC FEASIBILITIES
Therearetwo economic feasibility conditions:

» the vehicle terminal devices for communication and AHS are to be mass-produced at a price not much above an
expensive accessory, e.g. apersona computer or amusical system; and

. thetota cost on the highway system, which include installation and maintenance, should be low compared to the
total cost of the terminal equipment on all vehicles using them.

The first condition isimportant to the wide-spread use of our LOOC product. The second condition isimportant for
its nation-wide and world-wide adoption. Most economists agree that public or government spending is a drain on the
economy because the money has to come from taxation while private spending on a new and useful product is a boost to
theeconomy.

3. RESEARCH APPROACH

This section summarizes calculations which investigate the feasibility of communication, automated vehicle contral,
and the associated enabling devices (VT and HWT terminals). The feasibility conditions listed in section 2 are evaluated
and system design limitations are explored for both communication system and Al-1S functional requirements. Thereis
also adiscussion of issuesinvolved in the design and manufacture of the hardware needed for system implementation.



An extensive appendix covering design and fabrication of the DAFL device is available as a supplement to this paper to
further support the analysis in this section.

3.1 BASIC CONDITIONS FOR COMMUNICATION

The design limitations to be established here relate to:

o sufficiently strong laser signal to assure satisfactory communication under all weather conditions;

o sufficiently weak laser signal to assure a margin of safety to the eye at all times;

e  operability under all traffic conditions with no cross-talk or interference between communication links.
Initial factors to be considered for each of these issues are established here. They will, of necessity, be considered all at
the same time.

1) The received signal strength varies with car movement, and weather condition:
A4 .
L="e™ M)

where A is a constant, d is the distance between transmitting and receiving laser, and y is an attenuation constant for

light passage in the atmosphere. The exponential factor e ™ is referred to as transmittance.
The water droplets in rain or fog retain their spherical shape because of surface tension. Houghton and Walker {5]
give an expression of the scattering coefficient as

y== Z mKr;? )
i

where rj and »j are the radius and number of particles of the i-th kind per cubic centimeter, and Kj is a scattering area
ratio depending on the ratio r;/ A ,A being the light wave-length. K; has a peak value of 3.8 and settles down to 2 for
ri/A >>1. Equations (1) and (2) are good for predicting the transmittance in both rain and fog.

For a heavy fog with 200 particles of radius 54 per cubic centimeter, the coefficient ¥ at 1x wavelength is

calculated from (2) to be 3.14 x 104 cm™!. Using Laws and Parson's rainfall droplets size distribution data [6], Hudson
[7] computed the y -coefficient for a heavy downpour (4 in/hr) to be 5.234 x 10 6 cm"L. The y -coefficient for snow is

difficult to predict because of its irregular particle shape. However, from our own visual experience, a heavy snow is
easier to see through than a heavy fog. If we define a transmittance of 0.1 as the extent of visibility, then the visibility
for heavy rain and heavy fog are 4390 and 73 meters respectively. The visibility for snow is somewhere in between.

2) The most vulnerable human organ to laser exposure is the eye. An accepted safety standard [8), [9] for the infrared
region (4 >1y) is given below:
(i) Pulses: 5.0 42 J/cm? for 1 ns to 50 .

(ii)Cw & Pulses 5 mW/cm? for 10 sec.
We intend to provide a margin of safety below the above mentioned standard.

3) Noise due to various factors, e.g. spontaneous emission, thermal noise, and quantum mechanical uncertainty, in a
semiconductor laser light amplifier has been investigated by many authors. [10], [11], [12]. Correlating theoretical and
experimental results, Marcuse gives the result that the noise power output N(J) is no more than a few times the quantum
mechanical lower noise power limit N;, where

Ni=(G-1ufaf 3

where G is the amplifier gain, f and A f are the lightwave central frequency and bandwidth respectively, and 4 is
Planck's constant.

3.2 COMMUNICATION SYSTEM

The above conditions can be satisfied by a binary digital communication system with error detection and request for
retransmission. This kind of system has the advantages of: high reliability in a channel with large variations in signal



strength; and easy implementation with simple and rugged coding and decoding software.

One disadvantage, however, is the requirement for a feedback channel from the receiver to the sender to make the
requests for retransmission as needed. This is not a problem for this particular system since two-way communication
channels are required for the planned highway system application anyway.

Let us select the following two limiting conditions:

e At the weakest signal level, one Megabyte of information can be transmitted during each pass; and

o At the strongest signal level, laser irradiation stays below ImW/sec (we note that this gives a 7dB safety margin,
the laser energy per pulse is much less than 1 J/cm? since the number of binary pulses is at least 8 x 106 per

second in order to transmit 105 bytes -one Megabyte- of information).

3.2.1 Nomenclature

Ay . receiver window area.

I : laser beam intensity at the receiver window.
Ip :  information transmitted per pass.

Fy:  noise factor.

N :  laser light amplifier output noise power.

Nj :  lower limit on output noise power.

ny :  number of binary bits transmitted per second.

P . digit error probability.

pp - blackout undetected code word error probability.
P, Drobability of correct transmission of a code word.
p,, - undetected code word error probability.

S : laser light amplifier output signal power.
Tp. time for information transmission.

n. coding efficiency.

ny  filter bandwidth efficiency.

7,  receiving optical system efficiency.

3.2.2 Coding
A m x n matrix parity check code will be used for illustrating the design concept. The matrix elements Aj; take on
values of O or 1. The elements

i=12,..m-1, j=12,..n-l,

are the message bits, while the elements Mppj, and Mjy, are parity check bits:

i=m

E}MU =0

s @
ZMj =0

j=1

where X denotes modulo 2 sum.



The code detects all code word errors with three or less erroneously transmitted digits. The probability p,, of making
an undetectable 4-digit error is

m(m=Dn(n=1) .
= mm . n pe4(l_pe)mn 4 (5)

The probability of correct transmission of a code word is
pe=(1-p)" ©)

There is a fail-safe capability in the retransmission system. Suppose one of the laser lens is covered by condensation,
and all information is lost: p, = 0.5. The probability of an undetected error is

pp = 2™ )
where m +n —1 is the number of parity checks that has to be satisfied by an undetected black-out word error.
With each correctly transmitted coded word b;7 bits are needed for identification. The code efficiency is

7. = n-D(r-D-5, ®)

mn

The information transmitted per pass is
1, =mT,p.n_!8bytes/sec &)
where T} is the time for transmission of information in each pass of the ITS terminal.
Example 1
The following design parameters are assumed: ny = 108/sec., Tp = 0.2 sec, m = 13, n = 14, bjg = 12, and
Po=5x104
Then
Pu =4.06x107"°
Pe=0.913

Py = 1.49x1078
ne. =0.791

I, =1.8x10° bytes

There are 18 bytes in each code word, the probability of complete correct transmission of 10® bytes is 0.99995.
During a blackout, the small value of Py, assures that practically every transmitted code word is detected to be in error.

During such periods, the entire received message is thrown out.

Assuming that the matrix elements are transmitted row by row, a cyclic distribution circuit plus n+m exclusive or
circuits constitute all the hardware needed for both coding and decoding. Since the exclusive or circuits operate much
faster than any single machine instruction, the added cost in time is negligible.

Example 2
For an amplitude modulated binary pulse, p. can be calculated as:

pe < exv(—'z%) (10)

Thus the minimum S/N to give the assumed p, is

S
& ="2Inp, =15.2



3.2.3 Optical Communication
A two dimensional fixed lens is used to match the laser and laser light amplifiers to open space. The laser beams are
controlled along the horizontal direction with their output power concentrated at the opposing terminal. In a car, the
LOOC terminal is placed sufficiently away to the right, so that the residue laser light incident upon its passengers is
much less. However, we restrict the laser light intensity I at the receiver lens to be within the safety limit as an added
protection.

The signal power at the output of the laser light amplifier is

S=I4,n,G
where Ay, is the window area, 74 is the optical efficiency, and G is the amplifier gain. The signal to noise ratio at the
output of the laser light amplifier is then
S G 1
N \G-V Fhaf
Shannonis sampling theorem gives a pulse rate of 7, = 2Af. However, in practical applications the pulse rate is lower
by a factor 7,  Thus (11) becomes
S =( G ) 20, NolAw
N \G-1/ Enfy,
Example 3
The following design parameters are assumed:

(12)

S
T 15.2, 5, =0.25, 5, =0.01,

Ay =20cm?, F, =10, f = 3x10™

and np is the same as given in Example 1. Determine /.
Equation (12) gives / = 3.04 x 108 watt/cm?2, which is the required minimum 7 (/mjp).

3.2.4 Operability

We assume that the HWT is mounted towards the right side of each traffic lane facing on-coming traffic and a VT is
mounted on the right side of each vehicle. The vehicles are given the instruction to proceed at a normal speed of 90 to
100 kilometers per hour. If the vehicle intends to communicate with the highway system, it should keep a distance of at
least 15 meters from the vehicle ahead. Communication starts when the vehicle is 15 meters from the HWT, and ends
when the vehicle is 5 meters from the HWT (measured horizontally). The time allowed for communication is

_ (15-5)x3600

T =
P 100,000

=0.36sec

Since it takes less then 0.01 sec for the laser beams to search out each other and lock in, the 0.36 sec period is more
than adequate.

In bad weather, the vehicles proceed slowly following safe driving practice and more time is available for
communication. However, the extra time is not necessary.

We assume that the transmitted laser power remains constant independent of the weather and traffic conditions. /min

occurs when the vehicle is at a distance of 15m from HWT under heavy fog, and /max occurs when the vehicle is at a
distance of 5Sm from HWT in clear weather. At closer range, the vehicle is assumed to be shielded from the HWT. Then,

1 (15)2 1500
Zmax _ | 2o 7 =
7 S e 14.4

min
where ¥ =3.14 x 104cm’! is the scattering constant under heavy fog. Thus
Iax =14.4x3.04x107 mW / cm® (13)

= 4.4x10% mW / cm?



It is ten thousand times weaker than the allowed maximum of SmW/cm2.
Figure 3 gives the computed digit error probability, p., undetected code word error probability, p,, and
retransmission probability, p,, respectively. The y-axis is numbered in terms of exponentially descending order of

probabilities. If we choose 102 (one in a billion) as the boundary of improbability, we notice that in all cases an
undetected error is beyond this limit. As the vehicle moves close to HWT, even retransmission becomes improbable.

3.2.5 Signal Interference

There is no interference under heavy traffic conditions because both HWT and VT laser beams are sharply directed
towards their opposing terminals, the receiving lasers are also direction controlled. Multiple reflected wave energies are
much too small to change the outcome of a binary pulse.

3.3 AUTOMATED HIGHWAY SYSTEM

On the highway side the only installations are the reflectors on the lane dividing lines as shown in Figure 2. The active
sensing, speed and steering control work is completely done at the vehicle terminal. As shown in Figure 2, there is one
DAFL on each side of the front end of the vehicle for sensing the position of the reflectors and one DAFL in front for
sensing the position and speed of any obstacle ahead. Each reflector sensor determines the reflector direction by
equalizing the average reflected pulse strengths in the two receiving lobes, and distance is determined by measuring the
time delay of the reflected pulses. The obstacle sensor works in the same way as an ordinary radar, and scans
electronically across the road ahead. With sharp lightwave pulses it makes accurate determination of both the obstacle's
position and its velocity.

3.3.1 Reflector Sensing Signals and Steering Control Law

Reflectors are arranged in pairs on the two lane dividing lines, such that the straight line joining each pair of reflectors
is perpendicular to the lane's direction. The center of the joining line will be referred to as a reference point. As the
vehicle moves forward, the DAFL beams automatically switches to pairs of reflectors at a certain distance range in
front. The vehicle distance u is measured as the arc length along the center line of the lane from a given point. In a
straight section of the highway, u is the straight line distance. There is a window range w; in which the DAFL beams

aim at the pair of reflectors at reference point ;:
win —u, Susu; —u (14)

Let @ and V denote the direction and speed of vehicle motion, and & j denote the direction of the reference point at
u; relative to the vehicle, a simple steering control law is

dg 1
Pl 6 -9) (15)
The time constant 7 can be a constant or a known function of time.

3.3.2 Analysis
Let a = u;j - u, r¢ denote the lane's radius of curvature, 7 denote the vehicle's shift from the center line of the lane, and
&, denote the lane directional angle. Let g = 8- 6, and B, = 6, - 6. Under highway driving conditions, # <<a <<7,

and both # and g; are small angles. The following equations are in first order approximation:

dr

an _

7 Vg (16)
_a . 5n

'3"_2ro+a an

do Vv V W

1 _ =.___'.} (18)
dt r,+r r, r,



substituting (17) and (18) into (15) gives

éé__l(a _) v, as
dt 2r. a r, r? A
Equations (16) and (19) are state equations of the error variables 8 and 7. The expression
E= _1. .L - K (20)
T2, r

o
in (19) represents an input to errors £ and r, . Setting £ =0 gives
a

1—2—V (¢A3)

Since both @ and V are known quantities, the control law (15) supplemented by (21) is readily implemented with
computer firm-ware. The stability of the control law is to be analyzed. Since du = Vdt, (16) and (19) can be rewritten as

dr

== 22
d 2 1 2
(3.2

and a is a saw tooth function of ». Computer simulated results show that the system is stable. Initial values of »; and #

reduce to zero as u increases. In deriving (22) and (23), we did not assume that V is constant. The stability of the system
is thus invariant to vehicle speed variations.
In the simulation, we assume that the center of the reflectors are equally spaced at a distance U apart;

up =nU, n=12.. 24)

Then a is a sawtooth function of # with periodicity U. Numerical integration of one period is sufficient to give the 2x2
matrix function 4 (¥, #’) defined by

(G @)l &) 2

For instance, if u’=0, and ¥ =nU+ u”, then
A(n,0) = A" ,004(U,0)" (26)

Example 4
In an AHS, the reflectors are placed at equal distances of U = 5m apart along each side. The reflector searching
lasers are programmed to beam at the third reflectors. Then #; = 10m and u3 = I15m. Determine the A matrix, and

system stability.

Solution
For each period of 0 S < §.

a=15-u 27
Numerical solution of (22), (23), and (27) gives the matrix elements 4;; of Table 1,



Table 1

ro A1 An A21 A2
100 0.887926 -3.332333 0.044747 0.332528
200 0.888620 -3.333375 0.044524 0.333049
300 0.888749 -3.333568 0.044483 0.333145
oc 0.888852 -3.333722 0.044450 0.333220

where 4;_A4;;(5,0) for i =1, 2; and j = 1,2. We note that within the normal range of highway curvatures, the matrix
elements do not change much. The system stability can be determined by finding the roots of z in the equation.

(z- ANz —Ayp) — 4245 =0 (28)
If Jz{>1, the system is unstable. Equation (28) gives |z| <0.67 in all four cases. Thus the system is very stable.

In the above example, the control time constant 7 is required to vary with @ according to (27). An alternative is to
use the average value of @ =12.5 in (21). Then there is a non-homogeneous or residue term E in (19); and

G Qs 85

where 7] and ,é are errors due to E of (20). Table 2 gives the computed values of A(5,0), 71 and ,& . The A values in

Table 2 are very close to that in Table 1. The errors r| and 8 are due to the non-vanishing E term in (20). They are very
small.

Table 2
To A1t A12 A21 A2
100 0.883134 -3.260484 0.043790 0.347036
200 0.883829 -3.261515 0.043560 0.347564
300 0.883958 -3.261706 0.043517 0.347661
o 0.884061 -3.261859 0.044450 0.347740
rg 7 B
100 -0.005388 -0.001090
200 -0.002695 -0.000545
300 -0.001797 -0.000363
oc 0.000000 0.000000

10



3.3.3 Simulation Study on a Typical Highway

Figure 4(a), (b), (c), and (d) illustrate the results of a simulation study on a typical highway. Figure 4(a) gives the x-y
plot of the center line of a typical highway which starts with a /00m straight line section and then follows the
description below:

e  For the next 100m, the curvature changes lincarly from 0 to //200 m-!.
e  For the next /00m, the road turns at a constant radians of 200m.

o  For the next 7100m, the curvature changes linearly from 1/200 m! to -1/300m™1.
¢  For the next /00m, the road turns the other way at a constant radius of 300m.
e  For the next 7100m, the curvature changes back to 0.

Figure 4(b) gives the position error versus distance with an initial position error of /m. Figure 4(c) gives the position
error versus distance with an initial heading error of 0.7 radian. Both (b) and (c) illustrate deterministic results, and the
position error reduces to zero after traveling a short distance. Figure 4(d) illustrates the case of a random heading error
of approximately 0.2m away from the center position for each pair of reflectors. The direction of error for successive
pairs of reflectors are uncorrelated. The random heading error induces a random lateral shift of the vehicle. The induced
lateral shift is well within tolerable limits.

3.3.4 Reflected Light Signals
In studying the reflected light signal we assume that the highway is one directional. The opposite traffic is either far
away or screened off by a central divider.

Figure 5 illustrates a cross-section of the reflected light geometry in the plane OPP’ where, P is the position of the
light source. P’ is a point in the reflected light beam, and 0 is the center of the reflector. R is its radius. Q and Q’ are
points on the surface of the reflector. A, B, C, and L are angles as illustrated.

Let d denote the distance PQ. Some general relations are given below:

sind sinB

R ~ PO (30)
C=A+B @3
2C=L+4 (32)
From (31) and (32)

L=2C-A=2B+4 (33)

Let I; denote the incident light intensity at the reflector surface, and /. denote the reflected light intensity at P. To
calculate 7 , we make A — 0. Consequently all the angles B, C, and L approach 0, and PQ’ —» d. Consider a light cone
PQ’ about axis PQ and its reflected light cone O P’ about the same axis. The incident and reflected light energies are

E; = n(dA)’1, (34

E, = a(d LY ], (35)
where 4’ is the distance 0°P. Let # denote the coefficient of reflection: 7= E, / E,. Then

a4 \2
()
From Figure 5

d sinL L

d' sin2C  2C S
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Substituting (37) into (36) gives

2
R
A =[2(R+d)] s (3%

3.3.5 AHS Design
Three items are to be discussed in this section: reflector design, light pulse design, and light noise elimination.

3.3.5.1 Reflector Design

The reflector sensing lasers are placed approximately 0.5m above ground. consequently the active part of each reflector
is no more than 0.Zm above ground. Its top above 0. Im is flattened so that if a vehicle strayed and ran over a reflector, it
would not result in an accident.

3.3.5.2 Light-Pulse

The width T of the light pulse introduces a distance uncertainty = 0.5¢T. It can be much reduced by utilizing the rising
edge of the pulse. However, to utilize the rising edge would require a larger S/N and a larger bandwidth than the
minimum value [13] of 1/T. The following illustrates such a design.

Example 5
T =2x10""sec

Af = amplifier bandwidth = 2 x 10! Ohertz
S

= =100

N

f=2x10" hertz

Determine the light intensity, number of light pulses per second, and random noise reduction [14] factor:

Solution
Equation (11) gives the reflected intensity

I, =1.325x10 " watt / cm®

The incident light energy per pulse is

E=TI= 2x10“°x(-1]i)1,
r

=2x107"° x2.89x10* x1. 325x107°
=7.66x10"""J fem® =7.66x107 [ cm®

Let np denote the number of pulses per second. There are two safety criteria one is on the light energy per pulse,
while the other is on the average intensity. We choose 7 to satisfy both by the same margin:

n, =1000 (39)
Then the average incident light intensity is
1,_1000E = 7.66x107> mW / cm*

Both the energy per pulse, and average light intensity are more than 40dB below the accepted safety standard.
Using the data of Example 4 and a vehicle speed of 30m/sec, the number of light pulses impinging on each reflector
in one pass of the vehicle is

5
1000x — =
x30 166
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It is a sufficient number to average out the random errors by a factor of

Jie6 =12.9

3.3.5.3 Light noise elimination
There are at least two ways of light noise pulse elimination:

Windowing

Because of the regularity of the reflectors, the arrival time of each reflected pulse can be expected to fall within a
time interval W. The windowing process is to ignore all the pulses which fall outside of /¥, and to ignore completely the
information carried by pulses in W if there are two or more such pulses with amplitudes above an acceptable threshold.
There are only a few vehicles and a few reflectors sufficiently close to generate reflected noise pulses with magnitudes
above threshold. Since the pulse originating times of different vehicles are not correlated, the noise pulses arrive at
random. The blanking probability p,, that one or more noised pulse falls within W is

poi =1-e" (40)
where A is the noise pulse Poisson arrival rate.

Example 6
Let W correspond to a reflector position error of 0.6m, and A = 5,000 pulses per second. Determine ppf.

Solution

=%“6 =0.4x10°%

WA =0.4x10"°x5000 = 2x10°°
Ppoe =2x107° (41)
Missing one reading among fifty thousand is not significant.

Frequency discrimination
Different laser frequencies can be used on different vehicles to reducep,, For instance, two different laser

frequencies can be installed on different cars with the instruction to use only odd (even) numbered AHS lanes if there
are more than one lane. This arrangement would eliminate noise pulse generation between adjacent lanes.

3.4 TERMINAL DEVICES

Figure 6 illustrates the vehicle terminal (VT) design. Communication between the driver and VT is through a monitor
with input buttons or voice communication, display electronics, and interactive IO logic. The driver's message is
processed through the car's CPU and stored in the memory of the store and forward logic. When the vehicle approaches
an overhead bridge, the BEAM CONTROL automatically lines up the DAFL receiving direction with the highway
system terminal (HWT) transmitting beam and vice versa. The control of the beams are done electronically in
microseconds without any moving parts. Error-detection-and-retransmission code is used for signal transmission
because of its high reliability. In the event that errors are detected, message retransmission is arranged by sequencing
control.

In Figure 6, the functions of interactive IO logic, store and forward, sequencing control, coding decoding (CDC)
logic, and beam control are realized by firm ware (read only memory) in the micro-computer. All the firm wares share a
common random access memory (RAM) with the CPU. The disk is used to store large blocks of data. For instance road
maps can be coded in computer vector graphics and stored on the disk. They are to be displayed with added road
condition information on the monitor as needed.

A highway system terminal is very similar to the VT in design. However, the provisions for user interface is replaced
by a network communication line to the Traffic Operations Center (TOC) as shown in Figure 7.

Figure 8 illustrates the vehicle terminal device design for the Automated Highway System (AHS). Because the time
needed for HWT-VT communication can be easily spared by the vehicle terminal from its AHS functions, the same
CPU, monitoring system, RAM, and DISK are time-shared between the two systems. The special computing functions
of reflector range finder, beam control, automatic steering control, DAFL radar, and automatic speed control are
realized with computer firm ware.

13



Figure 9 illustrates the transmitting DAFL beam pattern and receiving DAFL sensitivity pattern of two
corresponding terminals in the horizontal plane. The radiation patterns are fixed vertically. The receiving DAFL angle
is automatically controlled to yield equal signal strength in the two lobes. The transmitting beam pattern and receiving
sensitivity patterns for the same side are aligned. Therefore, once communication is established in one direction, it is
also established in the other direction.

For AHS the same beam control firm ware is used. However, the opposite transmitting beam is replaced by the
reflected beam. The reflector range is determined by the time delay between transmitted and reflected laser pulses. The
DAFL radar and steering signals can also be used as a driver’s aid in bad weather. In general, the laser’ s infrared
sighting distance is longer than that of the eye. The signals can be used to monitor obstacles ahead and their speeds, and
the vehicle' s positional deviation from the center of thelane.

Microwave communication devices and GPS can aso be added to the vehicle terminal with the same computer. A
PC has more than adequate capacity for all the above mentioned functions. With the added devices, but without a
keyboard, a vehicle terminal can be mass-produced and sold in the price range of $1,000 to $2,000.

4, RESULTS - AN IDEA PRODUCT

In our proposed IDEA system, a number of HWT's and AHS's are installed at population centers to meet highway
communication and automated driving needs. Automatic toll collection, share-ride information, up-to-the-minute
general road conditions, “best route” information, motel, gas, shopping, and repair shop information can all be easily
transacted during one encounter of the VT with aHWT.

The IDEA-AHS s capable of satisfying many automated driving needs:

IDEA-AHS iswell suited to both urban and rural operational environments;,

Check in and check out operations are as simple as turning on and off the cruise control, assuming that ordinary
precautions in switching lanes are observed;

« Longitudinal control is maintained by a signal from the front end DAFL, which gives both the relative speed and
position of the vehicle in front, lateral control is maintained by the reflector sensing DAFL signals, which give
look-ahead |ane guidance;

IDEA-AHS seasily deployed within existing freeway networks; and
« IDEA-AHScan help relieve congestion from nearly parallel roadways by increasing capacity.

Both the vehicle terminals (VT) and highway system terminals (HWT) are suitable for mass-production. Vehicle
terminal sales potential isin the range of millions of units per year. While HWT sales potential is lower in comparison,
volume there is also in a respectable range. Standard regional maps in vector graphics are very useful for VT and are
commercially availablein many aress.

Specific local information and operational programs for HWT can be recorded on disks or diskettes. When a HWT
needs to be serviced, its hardware can be replaced by a standard shelf item, and its software can be transferred within
minutes. Since apersonal computer rarely breaks down, the down time of aHWT would be ailmost nil.

5. CONCLUSIONS

The main result of the present research is an LOOC product to facilitate I TS implementation.

On the PRO side, development of our IDEA product is ajob well suited to private industrial competition. With
adequate funding development of our IDEA product will take no more than five years. A fully augmented system’s
implementation can be achieved within ten years.

On the CON side, we have not yet produced the first DAFL. Thereis no doubt of DAFL’s scientific design feasibility
but facilities for development and production of the DAFL may require funding on the order of several million dollars.

Our planned next step isa Phase |l research proposal. The proposed project will have three tasks:

Realization of Phase | IDEA products with a laser having servo-controlled beam direction (LSBD). Thisisa
hardware project for realizing our Phase | IDEA products with LSBD instead of DAFL. The same computer and
electronics are used. LSBD can be done with arugged servo-controlled deflecting mirror design. It is probably
more costly and less rugged than the DAFL, but can be used to realize the same goals.
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«  Further studies on methods of DAFL production. Two methods of modifying a molecular beam epitaxy machine to
produce DAFLs will be considered. The proposed study may aso include investigation of other fabrication
methods.

« Applications of DAFL and LSBD to transportation safety for autos, trains, and possibly aircraft.
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APPENDIX A: DIRECTED AND FOCUSING LASER

The directed and focusing laser can be described as an electronically controlled antenna phase array for the light-waves.
Because of the short wave-length, each antenna element is replaced by a phase controlled channel (PCC) for light
passage, and the array of PCC's is built on a single semiconductor chip. Thus the building blocks of DAFL are the
PCC's and their design is based on the following physical principle: the index of refraction » of a semiconductor is
dependent on its carrier density N, and N can be controlled through injected electric current.

The dependence of » on N is expressed as:

n=no +n1(N "‘No) (47)

where N, is the transparent carrier density, no andn, are all complex valued functions of the semiconductor material
composition, and lightwave frequency @ .
The complex valued »,can be expressed as

ny =n, +in; (48)

where n and »; are both real. A positive n, represents an increase in the index of refraction as N increases. A positive
n; represents stimulated emission.

A.1 DETERMINATION OF NR AND Nj

The coefficients n,- and ; are functions of light frequency, semiconductor material composition, Np, and temperature 7.
Their values are needed for DAFL design. But in the open literature, there is nothing on their measurements nor a
theory to predict their values. Our approach is to develop a mathematical model on #; and », first, and then spot check
the theoretical results with measurements.

Using the density matrix method in quantum mechanics, the complex susceptibility ¥ (@, N) of a semiconductor
with direct energy gap can be written as

z{w,N)=
:‘:p(wllfc(wl) _fv(a)l)] S(w, ®))do,

where p(w,) is the density of states at transition energy ha,, f¢ and f, are Fermi distribution functions, fe(a@,) -
JSi{@,) is the net probability that an electron in the conduction band can be transferred to fill a corresponding hole in the
valence band, and S(co, , ) is the contribution to y(w, N) by each transferable electron. For y(w, N)<<1, the index of
refraction n is related to ¥ (w, N) by

(49)

L o) =

n,

n =na[1+

(50)
1

n, +‘270' -2(@,N)

From (47) and (50)

__1_[41(@,_1\_/)}

"= av Gl

For sufficiently small ,

%
1 (2 2
=5z (%) "ot @
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Since transitions between bands are far less frequent than collisions between particles in the same band, it can be
assumed that approximate equilibrium states exist separately in the conduction and valence bands respectively;

S, N)=[ 1+exp{(enen - Ere )1 kT }]_l (53)

f(@, N) =[l +exp {(—Avhwl +En )/ kT}Il (54

where Ae = mp/me ; Ay =mp/my ; me, my and m; are the effective mass of electrons in the conduction band, density of
state effective mass of holes [15] in the valence band, and the relative mass respectively. Since

1 1
- =—+L (55)

m, m, m,

it follows that 4, +4, =1. Ef, and Ef,-~ are the Fermi energies measured from the lowest point in the conduction
band, and highest point in the valence band respectively. In an intrinsic semiconductor compound, the density of
electrons in the conduction band, and the density of holes in the valence band are both equal to the injected carrier
density N. Therefore

IP (an)fo(en)doo =fp (@)]1-1, @)] dan =N (56)

Equation (56) can be used to determine Ef¢ and Efy Using the density matrix method, S(@, @) is derived as

il2T, 1
S(o, @)= 5
©.0) £oh [1+iT2(co-w, -Eg/h)J GD

In (57)u is a characteristic dipole moment, and 77 is a relaxation time constant for the off-diagonal element of the
density matrix. Equation (57) is derived under the assumption that@ is close to the resonant frequency, where
wo = +Eg|h.

Equations (49) to (57)) inclusive can be used to compute #,. Fig. 10 gives the computed result for the semiconductor
material Ga_95Al 95As in dimensionless form:

(o= ( 2] (0, 1) 6
x=(ho-Eg)/ kT (59)

From Fig. 10, the following design significant results are obtained:

is the lightwave frequency in radians per

1. The positive and negative peaks of n,. occur at w pil':;cz where @,
(]

second at peak gain.

2. The maximum change in n, (as x varies) is larger than the peak value of »;.

A.2 DAFL DESIGN

A.2.1 Phase controlled channel (PCC)
Each PCC is an isolated path for light-waves. The phase delay along each PCC can be expressed as

@, (L

¢ ==2linpy ©0)

The energy gap Eg of the semiconductor Ga]-qAlgAs is a function of q:
E; =(1.424+1.266q)eV (61)
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Along each PCC, the value of q varies with the length variable y. Consequently @, is a function of y. Referring to Fig
10, (47), and (58), the index of refraction n is a function of @, (y) and the injection current J(y). Therefore

n(y)=n@,»),J ) (62)

The phase delay ¢ along a PCC is increased by increasing J(y) at places where @ ,<@o, and decreasing J(y) otherwise,
and ¢ is decreased by doing the opposite. Thus the injection current distribution J(y) can be used to control ¢ .
Equations (60), (61), and Fig. 10 constitutes the basis for phase controlled channel design.

A.2.2 PCC Array

The directed and focusing laser can be designed as an array of phase controlled channels. Referring to Fig. 11,4 is an
angle from the forward y-direction; d is the channel spacing along the x-direction; and m is the total number of
channels. Since md < 0.001 m, and the minimum distance of interest is 5 m, far zone approximation can be used. Let
E(8) denote the lightwave electric field intensity pattern of each channel at an angle &, Ap and ¢, denote the

amplitude and phase delay of the n-th channel. Then the total field intensity at 9 can be expressed as
n=m-1
(9= T AES)exp{j(nkdsing-4,)  (63)
n=0

where k =2 7] A . To have peak intensity at ¢, (63) gives
@, =nkdsin 8, +2aN (64)

where N is an integer. It can be selected so that the required phase-shift |#.| in any channel is no more than 7. This

result implies that the required length of each PCC is approximately that of a high gain traveling wave amplifier of the
same material.

Let w = kd(sin 9 —sin -.91). For the special case of 45 = 1, (63) gives

F(a)=[ﬂ’l"”—2?]exp{;(m-l)wz}E<s) )

sin(y /2)

The exponential multiplier is immaterial to beam intensity. For 9 = §,

V/=2kdcos-;(.9+ Sl)sin% (9— ‘91) (66)
=kd(9 - 9, )cos 9

The beam width is obtained by setting

my=xx (67)

It gives

4

9:=9% mkd cos 9,

(68)

The beam width in radians is

A

AG=9. - 9 =—Tm
8=9,-9. mdcos 9, 69

At 8= 9, , the beam intensity is reduced to 0.4 of its peak value. With A, = 1, (65) shows that side lobes of radiation
can occur at

vs =QN+Dadm (70)
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where N is an integer. These side lobes can be significantly reduced by choosing appropriate values for 4,. However,
aliasing can occur at

Ve =2Nz 1)

with the ratio F(8)/ E(9)equal to the same ratio at the main peak. Aliasing can be avoided by shaping E(9) or
choosingd<A/2.

A.2.3 An example of DAFL design

The beam widths of the transmitting and receiving DAFL's are set at 0.05 and 0.1 radian respectively. The maximum
angle of deflection is + 0.3 radian. Determine the number of phase controlled channels for each.

Solution Let d = 0.54 Equation (69) gives

m___z_
"~ Adcos 9,

The answer is 41 PCC's for the transmitting DAFL, and 20 PCC's for the receiving DAFL. Because the information
bandwidth is much smaller than the light-wave frequency, a maximum controlled phase change of 27 is adequate for
each channel. It can be realized with a channel length less than Imm.

A.2.4 Number of available infra-red communication channels

From the lightwave frequency response curves of Fig. 10, a channel separation of 647 =0.15¢V/ is adequate. The two
III-V alloy compounds GaAlAs, and GaInAsP cover a gap energy range from 0.66 eV to 2.16 eV. The number of
available communication channels is

2-16 - 0.66
NCH:: 0.15 =10

A3 DAFL PRODUCTION

A DAFL phase controlled channel is very similar to a double hetero-structure A/,Ga;_,As laser in design. The laser’s

semiconductor wave guide can be grown in a molecular beam epitaxy (MBE) machine. But the same MBE machine can
not be used to produce the DAFL phase controlled channel (PCC) for the following reason: The q-value is constant
throughout the laser wave-guide, but varies by as much as 0.08 periodically in a DAFL PCC along the direction of light
propagation.

Fig. 12 is a schematic diagram of the MBE process for the growth of p-and n-type A/,Ga,_,As [16]. Fig 12 itself is
parallel to the x-y plane. The GaAs waver surface is parallel to the x-z plane. The crystal growth is in the -y direction,
and lightwave propagation in the finished product is along the z-direction. In general the growth rate is low - around 1
m [hour or / monolayer / second. For both the laser waveguide and the DAFL PCC the growth thickness is generally a
fraction of a um .

To grow the laser waveguide the beam intensities of all five materials are maintained at constant values throughout
the process. To grow DAFL, the Al and Ga molecular beams are required to vary periodically by a specified small
amount along the z-direction. We are investigating two ways of doing this:

1. Using Al and Ga molecular ion sources [17)]. The periodic beam intensity spatial variations are then realized with
electrostatic diffraction.

2. Using periodically varying molecular beam intensities and synchronized mask movements along the z-direction. The
moving mask idea and experimental results were reported in [18].
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FIGURE 1  Communication between vehicle and highway system terminals.
FIGURE 2  Use of DAFL in automated highway system.
FIGURE 3  Probabilities of error versus vehicle distance.
FIGURE 4  Simulated AHS results on a typical highway section (units are in meters and radians).
(@) x-y coordinates of the lane center line.
(b) lateral position error from lane center line and heading error versus distance with initial position error.
(c) same as (b) with initial heading error.
(d) effects of random error in measured direction of reference points.
FIGURE 5  Cross-section of the light-reflecting geometry.
FIGURE 6  Vehicleterminal design.
FIGURE 7 Intelligent highway communication system design.
FIGURE 8 Vehicle terminal design for automatic driving.
FIGURE 9 Electronic laser beam control radiation patterns.
FIGURE 10 Carrier density coeffkients of the index of refraction versus the lightwave frequency variable x.
-real component (phase) -imaginary component (gain). The various curves represent parametric dependence on
the temperature - relaxation time parameter.

FIGURE 11  PCC channel output openings. Arrows indicate direction of radiation.

FIGURE 12  Schematic diagram of the MBE process for the growth of p- and n-type ALxGal-XAs.
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Fig. 5 Across-section of the light-reflecting geometry
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Fig. 7 Intelligent highway communication system design
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Fig. 8 Vehicle terminal design for automatic driving
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Fig. 9 Electronic laser beam control radiation patterns
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FIGURE !0 Carrier density coefficients of the index of refraction versus the lightwave
frequency variable x.— real component (phase) ..... imaginary component (gain). The
various curves represent parametric dependence on the temperature - relaxation time
parameter.



Fig. f1 PCC channel output openings.
Arrows indicate direction of radiation
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Fig.12 Schematic diagram of the MBE process for the
growth of p- and n-type AlxGal-xAs



